The surface interactions between xanthene (XN) dyes, including rhodamine B, rhodamine 3B, rhodamine 19, rhodamine 6G, rhodamine 110, and rhodamine 123, and tungsten(VI) oxide (WO 3 ) colloid particles were investigated. These XN dyes were strongly adsorbed as monolayer onto the WO 3 surface via the electrostatic interaction between their peripheral cationic amino-substituents and negatively surfacecharged WO 3 colloid particles, and most of ones adsorbed eventually formed the stable π-stacked dimers.
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to create nanoscale photofunctional interfaces has already been demonstrated, in which the dye's adsorptionaggregation geometry on the semiconductor surface is expected to be one of the key factors. 18, 19 Thus, tailoring photoelectro-chemical properties of the organic-inorganic hybrid nanocomposites would be achieved by assembling well-defined and controlled layers of organic dye molecules on the two-dimensional surface of inorganic semiconductor nanoparticles. In our previous studies, the adsorption/aggregation behaviors of cationic porphyrin and phenothiazine dyes on the inorganic semiconductor surface were favored by controlling the ionic strength in the aqueous solution and by substituent(s) introduction and modification in dye molecule, 20, 21 revealing that given adsorption/aggregation characteristics resulted from a complicated balance of various non-covalent interactions (π-π stacking, van der Waals, steric-hindrance, and/or electrostatic attractive/repulsive interactions).
Being inspired by this concept, we extended the kind of strategy such as that in the present study by investigating the stimuli-responsive aggregation behaviors of various xanthene (XN) dyes adsorbed on the tungsten(VI) oxide (WO 3 ) colloid surface in aqueous solution by means of UV-Vis absorption measurements.
XN dyes are frequently used as labeling agents in fluorescent protein measurements, sensitizers in solar energy conversion, and intercalating agents in cancer photodynamic therapy, as well as for application in tunable dye lasers due to their high quantum yield. 22 Moreover, XN dyes tend to self-assemble into highlyordered aggregates, and therefore they are of much attention in relation to the creation of novel supramolecular architectures. 22, 23 As shown in Scheme 1, rhodamine B (RhB), rhodamine 3B (Rh3B), rhodamine 19 (Rh19), rhodamine 6G (Rh6G), rhodamine 110 (Rh110), and rhodamine 123 (Rh123) were selected to explore the effects of substituent(s) on the adsorption/aggregation behaviors in the XN/WO 3 aqueous system. On the other hand, WO 3 is a wide gap n-type semiconductor with band gap of ca. 2.6 to 3.0 eV, 24, 25 and one of the interesting materials for optoelectronic applications. From optical application point of view, WO 3 is considered as chromogenic material and is potentially useful in the fabrication and development of electrochromic and photochromic devices. 26 In addition, nanoscaled WO 3 particles exhibit 5/40 gas sensing properties and find application in sensor device technology where the controlled size, crystal structure, surface morphology, and electronic band structure of WO 3 particles are believed to play a significant role. 27 More recently, it has been demonstrated that photochromic WO 3 nanocolloid particles exhibit colorimetric sensing properties for α-amino acid compounds in aqueous solutions, which will have numerous applications in continuous in vivo monitoring. 28 In the XN/WO 3 aqueous system, we have found that through using the XN dyes containing carboxyl group on the pendant phenyl ring (RhB, Rh19, and Rh110), the H-and J-aggregation on the WO 3 colloid surface could be regulated in a more versatile manner and various interesting surface nanoarchitecture geometries could be formed. Particularly, the proton dissociation of the carboxyl group could be overriding factor. Furthermore, the aforementioned XN/WO 3 aqueous systems showed an interesting reversible conversion between different aggregates depending upon pH value. The switch between the H-and J-aggregation modes is vital in regulating the properties of the XN dye's aggregates. Our novel results described here clearly show the importance of the balanced non-covalent interactions for the construction of highly ordered and reversible dye's aggregates formed on the metal oxide surface with unique optical properties as required for various kinds of optoelectronic application.
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EXPERIMENTAL
Unless specified in particular, all measurements in this study were carried out in a thermostated room at 25±2ºC.
Materials
Sodium tungstate(VI) dihydrate (Na 2 WO 4 ·2H 2 O) and dialytic membranes with 3500 molecular weight cut-off were purchased from Wako Pure Chemical (Osaka, Japan) and Spectrum Laboratories (CA, USA), respectively. Six xanthene (XN) dyes, containing rhodamine B (RhB) rhodamine 3B (Rh3B), rhodamine 19 (Rh19), rhodamine 6G (Rh6G), rhodamine 110 (Rh110), and rhodamine 123 (Rh123), were obtained from Sigma-Aldrich (Milwaukee, USA) and recrystallized from a chloroform-methanol. The water, with a specific resistivity of 18.2 MΩcm, was obtained using a Milli-Q water purification system (Millipore, USA). All other chemicals were of reagent grade from Wako Pure Chemical (Osaka, Japan), Tokyo Kasei Kogyo (Tokyo, Japan) or Nacalai Tesque Inc. (Kyoto, Japan), and were used as received without further purification.
Preparation of WO 3 colloid aqueous solution.
The preparation procedure of WO 3 colloid aqueous solution is based on the techniques reported by Zou et al. 29 Conc. HCl (9.7 mL, 0.7 M) was added drop by drop to a Na 2 WO 4 solution (90 mL, 0.027 M) under magnetic stirring. A transparent aqueous colloid solution was obtained, which was then closed in a dialytic membrane pipe and dialyzed in a 1000 mL beaker containing Milli-Q water for a period of 8 hours.
The deionized water was periodically replaced until Cl ions could not be detected by an ion-chromatograph (PIA-1000, Shimadzu, Japan) equipped with an anion-exchange column (Shim-pack IC-AC, Shimadzu, Japan). The concentration of tungsten component in the WO 3 colloid aqueous solution was determined by inductively coupled plasma-atomic emission spectrometry (Liberty Series II, Varian, USA). The as-prepared 7/40 WO 3 colloid solutions were stable for at least one month at room temperature without any stabilizing agents, yielding excellent processability, and refrigerated at 4ºC until used in the experiments. However, under strongly acidic conditions (pH region below its isoelectric point), the WO 3 colloid solution had poor stability and resulted in precipitation, probably due to the coagulation of the WO 3 particles.
Adsorption-Aggregation Experiments of XN dyes on the WO 3 Colloid Surface.
A typical experiment would consist of first mixing the XN dyes aqueous solution, water, sodium sulfate (ionic strength adjustment), and hydrochloric acid or sodium hydrate. Then, the WO 3 colloid aqueous solution would be added and stirred for 10 min at room temperature. It was preliminarily established that this time is sufficient for the establishment of adsorption-aggregation equilibrium. The pH values of the XN/WO 3 aqueous solution were periodically checked with an F-14 pH meter (Horiba, Japan) equipped with a 6366-10D glass electrode (Horiba, Japan). The XN/WO 3 aqueous solution was injected into a single compartment cell (0.1 or 1.0 cm path-length) with two quartz window. Afterward, static UV-visible spectra of the XN/WO 3 aqueous solution were obtained on a UV-1800 spectrometer (Shimadzu, Japan).
Other Apparatus.
Nitrogen adsorption-desorption isotherm was performed at -195.8ºC on a TriStar II 3020 analyzer (Micromeritics, USA). Dried WO 3 colloid samples (ca. 0.5 g) were prepared by evaporating water from the WO 3 colloid aqueous solution, and then outgassed with helium for 2 hours at 200°C in an outgassing station of the adsorption apparatus before the adsorption measurements. The surface areas are measured using the Brunauer-Emmett-Teller (BET) method. 30 By using the Barrett-Joyner-Halenda (BJH) model, 31 the pore size distributions were derived from the adsorption branches of isotherms. As previously reported, 32 the specific surface area is 11.8 m 2 g -1 and the pore size is about 50 nm.
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The TEM images of WO 3 colloids before and after the addition of XN dyes were measured with a JEM-2000EX II instrument (JEOL, Japan). The TEM samples were prepared by dropping the WO 3 colloid sample solution onto a copper grid covered with a carbon film and dried in air. The final XN dyes concentration in the WO 3 colloid aqueous sample solution was 5.0×10
-5
M. The particle size distributions of WO 3 colloids were evaluated by averaging the sizes of 100 particles directly from the TEM images and an optical particle-size analyzer (SALD-7100, Shimadzu, Japan).
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RESULTS AND DISCUSSION
Self-Aggregation of XN Dyes in Water.
Xanthene (XN) dyes containing the carboxyl group (-COOH) on the bottom phenyl ring, such as RhB, Rh19, and Rh110, must give rise to cation/zwitterion equilibrium generated by proton dissociation. As shown in Figure S3 , UV-visible spectra of RhB, Rh19, and Rh110 aqueous solutions changed with the pH in a range between 1 and 6. From these spectral changes, the acid dissociation constants (pK a ) of RhB, Rh19, and Rh110 were 3.31, 3.28, and 3.30, respectively, in coincidence with values reported in the literatures (ca.
3.2-3.3) [33] [34] [35] . Common XN dyes have a strong tendency to form dimers at high concentration, via π-π interaction due to their extended aromatic surface. 36 Specifically, the absorption spectra of XN dyes are of interest in connection with their monomer-dimer equilibrium and dimer geometries. 37, 38 To confirm the selfdimerization in water, the absorption spectra were measured in the concentration from 1.0×10 -6 to 2.0×10 -3 M at pH 2 and 6. For example, as can be seen in Figure 1 (a), with an increasing in RhB concentration at pH 2, the strong monomer absorption band at 558 nm gradually decreased and isosbestically blue-shifted, and eventually the spectra showed discernible shoulder at around 520 nm. The isosbestic points were clearly found in this wavelength region, showing that the spectral changes were governed by an initial and a final species with no side reactions. Although there were some differences in detail, similar spectral changes were observed for other XN dyes, regardless of pH values (for want of space, Rh123, Rh3B, and Rh6G spectra at pH 2 were not shown). In these all cases, the substantial broadening, concomitant decrease in intensity, and blue-shift of monomer band are indicative of the presence of H-type (face-to-face fashion) dimer. Table S1 (see Supporting Information), and in good agreement with earlier results reported by other workers. 34, 39, 40 Under same pH condition, the K d values are increased in the order of Rh110 < RhB < Rh123 < Rh3B < Rh19 < Rh6G. Moreover, it is noted that the K d values of XN dyes with carboxyl group (-COOH) on the bottom phenyl ring (RhB, Rh19, and Rh110) are strongly dependent on pH, though no significant pH dependence is observed for ones with carboxyl-ester group (-COOR) on the bottom phenyl ring (Rh3B, Rh6B, and Rh123). From these results, it is revealed that the K d values sensitively increase by the methyl substitution in the xanthene plane and/or the modification of peripheral amino groups with the ethyl groups.
Also the proton dissociation of carboxyl group on the bottom phenyl ring affect the dimerization behavior in water. The findings clearly imply that the competition of the hydrophobic and electrostatic interaction between the XN dye molecules mainly plays an important role in the self-dimerization in water.
The pure monomer and dimer spectra were calculated from the ten concentration-dependent spectra using Eq. (1) and Eq. (2). Figure 2 shows the monomer and dimer spectra of six XN dyes. The pure dimer spectra of XN dyes mainly consist of two components which appear on the short-and long-wavelength side relative to the monomer band. The conformation of XN dye dimer formed in water will be discussed in section 3.4.
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Adsorption/Aggregation of XN Dyes on the WO 3 Colloid Surface.
The aggregation phenomena of XN dyes in the WO 3 colloid aqueous solution were also clearly observed. The typical absorption changes of XN dyes in acidic (pH 2) and neutral water (pH 6) with an increasing concentration of the WO 3 colloid from 0 to 1.0×10 -3 M are shown in Figure 3 . In all XN/WO 3 aqueous systems, an addition of WO 3 colloid aqueous solution into XN dyes aqueous solution led to significant spectroscopic changes. As shown in Fig. 3(c) , (f), and (i), a drastic, gradual decrease in monomer absorption band of XN dyes with "carboxyl-ester group" on the bottom phenyl ring (Rh3B, Rh6G, and Rh123, respectively) was observed with a titration of the WO 3 colloid solution, along with a blue-shift in maximum absorption to a shorter wavelength regardless of pH conditions. (Rh3B, Rh6G, and Rh123 spectra under pH 2 were not shown here, because similar spectral changes were observed under pH 6.) Meanwhile, depending upon aqueous pH conditions, XN dyes with "carboxyl group" on the bottom phenyl ring (RhB, Rh19, and Rh110) have different results. With increasing WO 3 colloid concentration, the monomer band for RhB, Rh19, and Rh110 decreased sharply and shifted to shorter wavelength at pH 2 ( Fig. 3(a) , (d) and (g), respectively), but shifted to longer wavelength at pH 6 ( Fig. 3(b) , (e) and (h), respectively). According to the molecular exciton model, the blue-shift is a sign of the H-aggregate formation (face-to-face fashion), whereas the red-shift is a sign of the J-aggregate formation (head-to-tail fashion). The contrasting spectral shifts indicate that RhB, Rh19, and Rh110 in the neutral WO 3 colloid aqueous solution are enforced to adopt the Jaggregation mode, whereas those in the acidic WO 3 colloid aqueous solution enjoy the H-aggregation mode similar to the self-dimerization in water as described above section.
Although UV-visible adsorption spectra look different during a titration of WO 3 colloid solution, in all XN/WO 3 aqueous systems, noteworthy are the isosbestic points observed: this leads to the conclusion that the initial and final species are in equilibrium. As can be seen from the above section, the dimerization of XN dyes in water is almost negligible under this dye concentration (1.0×10 the pH is lower and higher than the isoelectric point, pI. 41 Because the pI value of tungsten(VI) oxide is 0.2-0.5, 42 the WO 3 colloid surface is negatively charged under the pH conditions used in this study (pH = 2~6).
Therefore, these spectral changes of XN dyes with increasing WO 3 concentrations were assigned to formation of aggregates on the WO 3 colloid surface via the electrostatic adsorption of cationic XN dye onto negatively charged WO 3 nanocolloids. Considering the equilibrium between the XN dye monomer and aggregate on the WO 3 colloid surface, the adsorption constant onto the WO 3 colloid surface (K') and the aggregation constant on the WO 3 colloid surface (K' agg ) are defined as follows: 
where the subscript 'ini' denotes initial concentration. S and V are the total surface area of the WO 3 colloid (calculated using BET specific area value: 11.8 m ) and the volume of the aqueous phase, respectively.
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[(XN) n ] ad can be calculated from the UV-visible spectra at different concentrations using the approximation method of West and Pearce. 43 Figure 4 show apparent isotherm plots of XN dyes in the WO 3 colloid solution system at pH 2 and 6. The trend in the behavior of isotherms varied remarkably with the kind of XN dyes.
Furthermore, the only isotherms of RhB, Rh19, and Rh110 having carboxyl group are strongly dependent upon the pH value of solution. It is clearly that that the presence and kind of substituent groups on the xanthene plane and/or the bottom phenyl ring affect the isotherm behavior. These isotherm shapes were very similar to ones for Langmuir case. However, the Langmuir adsorption isotherm itself does not account for the cooperative/lateral interactions between adsorbed molecules. Since this simple isotherm model was not applicable in the XN/WO 3 aqueous systems, it was modified with the introduction of the aggregation constant term as the following:
Herein, a refers to the saturated concentration on the WO 3 colloid surface. As shown in Figure 4 , the stoichiometric analysis of the experimental data by using Eq. (6) suggested the aggregation of the dimer (n = 2) of the all XN dyes on the WO 3 colloid surface, meaning that the aggregate formed on the WO 3 colloid surface must include two XN dye units as a minimum number. The obtained adsorption and the aggregation parameters of XN dyes are summarized in Table S2 (see Supporting Information). The obtained K' agg values at same pH are increased in the order of Rh110 < RhB < Rh123 < Rh3B < Rh19 < Rh6G, which are of the same order as the dimerization constants (K d ) of XN dyes in water (see Table S1 ). These trends in XN dyes suggest that the dimerization behavior on the WO 3 colloid surface closely resembles the self-dimerization one in water. The K' agg values of RhB, Rh19, and Rh110 exhibit a pronounced dependence upon pH, whereas ones of Rh3B, Rh6G, and Rh123 do not. Meanwhile, the K' values exhibit no significant pH dependence, and are increased in the order of RhB < Rh3B < Rh19 < Rh6G < Rh110 < Rh123. Thus, the adsorptivity of XN dyes is approximately irrelevant to the proton dissociation of carboxyl group on the bottom phenyl ring.
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Moreover, the XN dyes with the ethyl substituent(s) on peripheral amino groups have smaller K' values than ones without the ethyl substituent. The effect of the peripheral substituent(s) on the adsorption behavior to the WO 3 colloid surface is apparent. It is noted that the adsorptivity of XN dyes is not depended upon the aggregate activity on the WO 3 colloid surface. A similar tendency has been previously reported by us for phenothiazine dye molecules adsorbed on the WO 3 colloid surface. 21 Moreover, in order to explicate the detail adsorption mechanism of the XN dyes onto the WO 3 colloid surface, the influence of ionic strength on the isotherm was also investigated under a constant XN dye concentration. As can be seen in Table S3 (see Supporting Information), the adsorption constants of XN dyes decreased with increasing in the sodium sulfate concentration. Such a tendency clearly reveals that the adsorption phenomenon of XN dye on the WO 3 colloid surface is driven by the electrostatic interaction between cationic or zwitterionic XN dye molecules and negative-charged WO 3 colloid surface. Taking the observed a value of XN dyes, the area per molecule on the WO 3 colloid surface can be determined for every XN/WO 3 aqueous system, which is also listed in Table S2 . Table S2 ), which is approximately two-fold larger than that in the cationic XN/WO 3 aqueous systems. In addition, these values are bigger than the projection area ones of the XN dyes lying edge-on, but much smaller than the ones with a monomeric xanthene skeleton facing on surface (see Figure 4 (g)), so that the zwitterionic XN dyes would be somewhat tilted with respect to the WO 3 surface. Overall, a remarkable difference was observed between the cationic and zwitterionic XN dyes upon adsorbing on the WO 3 colloid surface, indicating the electrostatic
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(attractive/repulsive) interaction between two XN dye molecules on the surface, as also shown in many previous studies on supramolecular systems on surfaces. 45, 46 The observed blue-and red-shift for XN dyes by WO 3 colloid titration are resulted from the sum absorption of dimerized ones on WO 3 colloids and unadsorbed ones in the aqueous solution. Using the K'
and K' agg values calculated from Eq. (6), we can pursue global least-squares analysis to establish the pure dimer spectra in the XN/WO 3 aqueous system. Figure 5 shows the resolved monomer and dimer spectra of cationic and zwitterionic XN dyes. Unlike the pure dimer spectra of cationic XN dyes in water (see Figure 2) , the dimer absorption spectra of cationic ones in the WO 3 colloid aqueous solution appear likely to contain only one strong blue-shifted band relative to the monomer absorption, because red-shifted ones' intensity is relatively very weak. On the other hand, in the zwitterionic XN/WO 3 aqueous system, a prominent bandsplitting into weak blue-shifted and strong red-shifted absorption components is observed, as shown in system. For instance, upon increasing pH value from 2 to 6, the color of the RhB/WO 3 binary aqueous solution changed from bright-red to purplish-red. In the corresponding spectrum in the RhB/WO 3 aqueous system, the RhB H-dimer band at 528 nm was observed to disappear, and then a new one J-dimer band at 569 nm appeared in the region higher than pH 3, as shown in Figure 6 (a). The isosbestic point observed in Figure 6 (a) would imply a stoichiometric conversion between RhB H-dimer and J-dimer on WO 3 colloid surface. Moreover, this pH titration was carried out over several cycles using the same RhB/WO 3 colloid solution, and the absorption spectrum was recorded after each step (pH 2 and 6). As shown in Figure 6 (d), the changes of the molar extinction coefficient at 528 and 569 nm demonstrated the high degree of reversibility of the pH-induced switching process between RhB H-dimer and J-dimer. As may be seen from It is prominent that XN dyes have various molecular forms which depend upon the concentration of the solution, and that ones willingly form dimers in aqueous solution. Additionally, various aggregation states of XN dyes in the WO 3 colloid solution were detected depending on the pH condition, as described above section. As shown in the lowest part of Scheme 1, the XN dyes used in this study have a planar xanthene skeleton with a phenyl ring that is perpendicular to the skeleton. The strong electric dipole transition moment (500-600 nm) of the XN dye is parallel to the long axis of the xanthene skeleton, 47, 48 as shown by the arrow. The phenyl ring is able to swivel around the phenyl-xanthene bond, and the carboxyl/carboxyl-ester group can swing around the carbon-carbon bond.
The molecular orbital overlap between two or more chromophores that bring interaction between the excited states eventually leads to their splitting described by Kasha's exciton coupling model built on the electrostatic interaction approximation of the point transition dipoles in the excited state. 8,49,50 Based on this model, exciton coupling between closely stacked chromophores causes changes in the optical spectra. The energy gaps and the transition probabilities from the ground states to these excited states depend on the relative orientation of the transition moment vector of the monomeric units in the aggregate. It has been pointed out that the shifts of the absorption maximum with respect to that of the monomer can occur depending upon the angle between the direction of the dipolar moments and the line linking the molecular centers (slipping angle: θ) and the angle between the transition moments of the monomers in the aggregate (twisting angle: α). As shown in Scheme 2, the allowed transition energy gap is larger than that of the monomer for face-to-face stacked chromophores (54.7º < θ ≤ 90º and α = 0; H-type aggregate) and smaller than that for head-to-tail arranged chromophores (0º ≤ θ < 54.7º and α = 0; J-type aggregate), corresponding to a blue-shifted band (H-band) and a red-shifted band (J-band), respectively. On the other hand, twisted face-to-face (54.7º < θ ≤ 90º and 0º < α ≤ 90º) and oblique head-to-tail aggregates (0º ≤ θ < 54.7º and 0º < α ≤ 90º) have been proposed for the aggregate geometry that gives the both H-and J-bands. In these cases, given 18/40 that the J-band intensity is smaller or higher than the H-band one, we have definite evidence for the twisted face-to-face or oblique head-to-tail fashion, respectively. Namely, the values of twisting angle α can be determined using the relative strengths of the H-and J-bands. Assuming that the distance between transition dipoles of the XN dye molecules is constant, the twisting angle between the dipoles in the aggregate can be evaluated using:
where f H and f J are oscillator strengths of the H-and J-bands, respectively, of the aggregates. Generally, the oscillator strength, f, is defined by the integral over the molar extinction coefficients, ε(ν):
The α values for the XN dye dimers formed in water and on the WO 3 colloid surface are calculated from pure dimer spectra as shown in Figures 2 and 5 , and also listed in Table S1 and S2, respectively. As a comparable case, we hereby focus on the results of RhB and Rh3B, where the main difference is only either the carboxyl (-COOH) or carboxyl-ethylester (-COOEt) group, respectively, in the pendent phenyl ring (perpendicular to the xanthene plane, see Scheme 1). The carboxyl group in cationic RhB dissociates in neutral aqueous solutions, leading a zwitterionic RhB. As evident from Figure 2 , the deconvoluted dimer spectra indicate that the RhB and Rh3B dimer geometry in water has a declination from an accurate face-to-face stacking arrangement of the dye molecular planes. Indeed, the results from Eq. (7) suggested that the transition dipoles of both cationic RhB and Rh3B molecules in the H-dimer species formed in acidic water (pH 2) are aligned, with respect to each other, through a twisting angle α = ca. 60°. Only zwitterionic RhB molecules in neutral water (pH 6) adopt a face-to-face dimer arrangement with a twisting angle of α = ca. 70° (see Table   S1 ). A noteworthy finding in this analysis is that zwitterionic RhB dimer in neutral water is more twisted than cationic RhB and Rh3B ones in acidic water (compare twist angles α in Table S1 ). Generally, it is believed that interactions between the π-electron clouds, viz. the π-π stacking, influence to the aggregate 19/40 structures of molecules. 56 While such π-electron interactions may contribute to the twist in the RhB and Rh3B dimers, it likely is not the major contributor to the twist variance. Scheme 3(a) highlights the difference in structure between the cationic and zwitterionic RhB dimers formed in water. The various electrostatic attractive/repulsive interactions between charged dye molecules in the dimer species also would exist, because RhB molecules exist as cations or zwitterions in an aqueous solution. The positive-charged peripheral amino groups on the two cationic RhB or Rh3B molecules may be aligned as to achieve a chargeseparated conformation with a certain twisting angle. Meanwhile, in the case of zwitterionic RhB dimer, granted that the counter interactions contribute to the dimer arrangement, we should also consider the attractive interaction between positive amine and negative carboxyl groups. Consequently, the dimer of zwitterionic RhB molecules would be more twisted than the dimer of cationic ones.
The different environment of XN dye's dimer in water or on the WO 3 colloid surface determines the observed spectroscopic differences. Among others, from the analyses in the RhB/WO 3 and Rh3B/WO 3 aqueous system, more intriguingly, a significant difference in the dimer configuration was found. As seen in Figure 5 and Table 2 zwitterionic Rh19 or Rh110. In our study, the cationic Rh6G and Rh123 did not also exhibit J-aggregation patterns in the WO 3 colloid aqueous solution. Overall, in the XN/WO 3 aqueous system, the carboxyl group in the XN dye could induce transformation of the geometry from H-dimer (face-to-face fashion) to J-dimer (head-to-tail fashion) and vice versa, whereas when the carboxyl-ester group was applied in the XN dye, only H-dimers were observed. Additionally, as described in the lower part of Figure 6 , the reversible switching between the H-and J-aggregation modes depending upon pH value in the XN/WO 3 aqueous systems supports this balanced electrostatic attractive/repulsive interaction for the aggregation behaviors on the WO 3 colloid surface. Of course, we understand that this is only a speculation, and further studies of other cationic/zwitterionic dyes are needed to confirm these findings.
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CONCLUSION
The adsorption and aggregation phenomena of six xanthene (XN) dyes having the carboxyl group [rhodamine B (RhB), rhodamine 19 (Rh19), and rhodamine 110 (Rh110)] or carboxyl-ester group [rhodamine 3B (Rh3B), rhodamine 6G (Rh6G), and rhodamine 123 (Rh123)] on the pendant phenyl ring were spectrophotometrically investigated in the WO 3 colloid aqueous solution. Addition of the WO 3 colloid aqueous solution into the XN dye aqueous solution brought about significant changes in the absorption spectrum due to a strong self-dimerization via the electrostatic adsorption onto negatively charged WO 3 colloid surface. The detail data analysis of the spectra suggests that the presence of methyl groups on the xanthene skeleton results in an increase of the dimerization constant probably due to van der Waals attractive interaction, while the ethyl substituent(s) on the peripheral amino groups suppresses the adsorptivity onto the WO 3 colloid surface because of steric repulsive interaction, as already reported for the phenothiazine compounds which are structural analogues of xanthene. 21 Although "zwitterionic" RhB, Rh19, or Rh110 molecules adsorbed on the WO 3 colloid surface tend to π-stack into J-dimer (head-to-tail fashion), "cationic" RhB, Rh19, Rh110, Rh3B, Rh6G, or Rh123 ones adsorbed favor H-dimer (face-to-face fashion). It is obvious that the proton dissociation of carboxyl group on the pendant phenyl ring plays an important role in their dimer geometries on the surface, because no J-dimers of the cationic Rh3B, Rh6G, and Rh123 were observed in the WO 3 colloid aqueous solution irrespective of the pH values used in this study (pH 2~6).
Additionally, the present study demonstrates the feasibility of designing pH-induced switchable XN dye aggregate geometry from H-dimer to J-dimer and vice versa on the WO 3 colloid surface. We believe that the concept of the multiple balanced non-covalent interactions (π-π stacking, van der Waals, steric-hindrance, and/or electrostatic attractive/repulsive interactions) between the organic dyes as well as between the dyes and surface has high potential utility in the building up of supramolecular systems on the metal oxide surface. faces were determined from the CPK model structure.
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Figure 5
Resolved pure monomer and dimer spectra of (a) cationic RhB, (b) zwitterionic RhB, (c) 
